Introduction
According to FHWA National Bridge Inventory, one third of nearly 600,000 U.S. highway bridges are classified as structurally deficient or functionally obsolete. A similar portion of 100,000 railroad bridges in the U.S. are facing the same problems. The estimated repair and replacement cost is $229 billion for the U.S. highway bridges alone. Since majority of the bridges were built out of wood, steel or concrete, the same conventional materials have been used for bridge replacement or rehabilitation.
However, new advanced construction materials are entering the market to address recent emphasis on durability, sustainability, accelerated construction and green products. High-density polyethylene (HDPE) based thermoplastic emerged in the United States marketplace in the early 1990's. Developed in conjunction with scientists at Rutgers University, a manufacturing company named Axion International was able to produce a thermoplastic composite material made of 100% recycled post consumer and industrial plastics that would otherwise be discarded into landfills [1] . The thermoplastic composite was first utilized for railroad crossties and recently extended its application to bridges. The first vehicular bridge that utilized an immiscible polymer blend of HDPE was built at Fort Leonard Wood, Missouri in 1998 ( Figure 1a ). The deteriorated bridge deck slab was replaced with the thermoplastic material, while the existing steel girders remained to support the deck. The replaced deck has not required any maintenance and has not shown any sign of degradation even after 13 years. The next vehicular bridge was built in Wharton State Forest, New Jersey in 2002 (Figure 1b) . The bridge was designed to carry 33 tonnes of live load and replaced a chemically treated wood bridge. This bridge is the first to use thermoplastic I-beams for main girders. In early 2009, two bridges were built at Fort Bragg, North Carolina utilizing the latest thermoplastic composite (Figure 1c ). This thermoplastic composite is made out of high density polyethylene (HDPE) with polypropylene encapsulated glass fiber reinforcement. The bridges were designed to carry 65 tonne M1 Abrams tank loads [2] . In the spring of 2010 the world's first railroad bridges made of thermoplastic were constructed at Fort Eustis, Virginia ( Figure 1d ). All major bridge components including superstructure, piers, crossties and even pilings are made of thermoplastic material. The bridges were designed to carry AREMA Cooper E60 load and the 118 tonne alternate live load on four axles. In 2011 the first thermoplastic bridge located in the U.S. highway system was constructed in the State of Maine (Figure 1e ). This bridge was designed to carry AASHTO HL-93 live load. On this bridge, for the first time in the world, the abutments and wingwalls are also made of thermoplastic.
In this paper, a brief technical description of thermoplastic will be provided and its impact on environment and construction will be discussed. Discussions on design and construction details of the two thermoplastic railroad bridges are presented herein.
Technical description of thermoplastic

Development of HDPE technology
In the early 1990s, HDPE-based Recycled Plastic Lumber (RPL) was introduced into the U.S. marketplace. Despite great potential to be an attractive substitute, the early RPL products suffered from low elastic modulus as well as significant creep. Through more research efforts, an enhanced version, Reinforced Structural Plastic Composite (RSPC) was developed. RSPC, which is also called thermoplastic, has higher elastic modulus and better creep resistance by incorporating immiscible polymer blend (IMPB) composite reinforced with polypropylene coated glass fiber as shown in Figure 2 [3] . 
Material properties of thermoplastic
The unit weight of thermoplastic is 880 kg/m 3 , which is comparable to wood. Various material properties were tested based on ASTM and shown in Table 1 [1] . The ultimate tensile strength of thermoplastic material can reach greater than 30 MPa (Figure 2 ) but only 4.2 MPa, a fraction of the ultimate strength, is utilized for an allowable stress in bridge design because of conservatism and creep control. As long as the applied stress is within 4.2 MPa, this material is predicted to avoid any creep effect against 25 years of constant loading [4] . It is essential to thoroughly understand the material properties when applying to bridge design. The coefficient of thermal expansion, for example, is about four times larger than concrete but the failure strain is 30 times greater than concrete.
Other design considerations
Besides the material properties, additional items to consider during design are: (1) Ultraviolet Degradation: less than 0.076mm /year; (2) Fire Resistance: the thermoplastic ignition point is 350 deg C; (3)Acid Resistance: Thermoplastic material is resistant to most acids and salts; (4)Thermal Resistance: heat deflection temperature is 125 deg C, and material is viable to -125 deg C; (5) Color: It is possible to produce various colors; (6) Moisture Absorption: virtually impervious and retains mechanical properties in humid and wet environments; (7) Environmental Resistance: resistant to attack by marine borers, corrosion, insects and rot; (8) Abrasion: highly resistant to abrasion that may occur in marine environments due to salt and sand; (9) Surface Texturing: it is possible to add a surface texturing through an embossing process in line.
Impact on environment and construction
Environment
Each year 27 million tonnes of plastic waste is generated in US and 90 million tonnes in the world. According to EPA-Municipal Solid Waste Generation, plastics are only recycled at 7% rate and only 20% of the recycled plastics are in good use. Finding more practical applications for recycled plastic has proved challenging. With the verified application of recycled plastic composite at the world's first thermoplastic bridges, the plastic waste has a new destiny. Instead of being sent to the landfill, milk jugs, detergent containers and automotive bumpers can be transformed into durable and sustainable infrastructure such as bridges, piers, retaining walls and sound barriers. On Fort Eustis bridges alone 150 tonnes of plastic were recycled. Thermoplastics use less energy for production and create new green jobs while offering a product that will not rot, rust, corrode or 
Fig. 2: Stress vs. Strain of Thermoplastic
leach toxins into the air and waterways. The thermoplastic product does not put poisons into the soil or water because there are no carcinogens or added chemicals in the product that can leach out over time. At Fort Eustis, the project was in wetlands, where minimizing disruption to the environment was even more important. Plus, the product can be recycled again when it is finished with its useful life.
Construction
Thermoplastic is one third the weight of concrete and about a tenth of the weight of steel. Utilizing lighter weight materials also means less heavy equipment for transportation and erection. Light weight thermoplastic lends itself to accelerated construction, the attributes of which are well known to both the design and construction industry. Transporting the thermoplastic products doesn't require any heavy or special equipment and can be accomplished with standard trucks. This is also true at construction sites. Lighter equipment can be used during construction, which allows for accelerated schedules and enhanced safety.
World's first thermoplastic railroad bridges at Fort Eustis
Among several bridges made of thermoplastic, the Fort Eustis railroad bridges are presented in this paper to illustrate the design and construction features of a thermoplastic bridge.
Project Description
The U.S. Army Transportation School at Fort Eustis, VA had two aging timber railroad bridges originally built in 1952. The bridges crossing a tidal stream were identified as being below the capacity to support their current railroad operation. Bridge No. 3 was rated as Cooper E25 and Bridge No. 7 was rated as Cooper E19 [5] .
Accordingly the bridges had to be replaced and the bridge owner, the U.S. Army, was looking for a sustainable and cost-effective solution. Thermoplastic bridge was successfully bid against other conventional construction materials. All existing superstructure, crossties and piers were replaced with thermoplastic material made of recycled plastics. Existing timber abutments were retained to economize on the cost at the request of the U.S. Army.
Design Criteria
The replacement bridges were designed to carry AREMA Cooper E60 load and the 118 tonne alternate live load. 20 percent of live load impact was incorporated in the design. The deflection of spans was limited to L/600. The existing rails including guard rails were removed during the construction and repositioned after new bridges were completed. AREMA manual and Virginia DOT's specifications were utilized for design and construction.
Bridge layouts
Bridge No. 3 is a four-span continuous 11.7 meter long structure over a shallow stream as shown in 
Typical section
The superstructure consists of two clusters of 450mm I-beams with 75mm thick cover panels fixed on top of top flanges as shown in Figure 5 . Each beam cluster supports one rail and it consists of three 450mm I-beams. Each 450mm I-beam consists of two T-beams that are glued and bolted together in pair. Due to limitations of the manufacturing process, a whole piece of 450mm I-beam was not available at the time.
The superstructure is supported on elastomeric bearings. The girders are prevented from moving transversely by restrainers and longitudinally beyond the thermal limits by restrainers. The girders are stiffened by cover plates at the top that are 75mm x 300mm and 75mm x 250mm thermoplastic planks glued and screwed to the girders. The thermoplastic rail ties transfer the load from the rails to the girders and are connected to the girders by J-bolts. A series of small 300mm I-beams are inserted in the inner spaces of this three-beam cluster unit with transverse bolting to promote integral action among the three beams. The cover panels located on top of top flanges of 450mm I-beams strengthen the main structural members and limit the deflection within the desirable range of L/600.
Pile caps also consist of 450mm I-beams reinforced by bearing stiffeners. The pile caps are directly supported by 300mm diameter thermoplastic piles connected by 25mm diameter stainless steel drift bolts. 
Pile driving and pile load testing
Each pier has total of six 300mm diameter piles made of thermoplastic. All six piles at end piers immediately adjacent to the existing abutments were driven straight. In the mean time, the two outer piles at middle piers are battered in transverse direction and two piles battered in opposite longitudinal direction and the other middle two were driven straight. The contractor used a 109-tonne crane but a lighter crane could have been used to complete the whole construction. Figure 6 shows pile driving with a splice where additional pile length beyond the nominal pile length of 13.5 meters was demanded. Once piles were driven to reach their capacity, the piles were cut to the designated elevations before pile caps were placed.
Piles were driven about 13.5 to 20 meters into soil at Bridge No. 3 and average of 20.5 meters into soil at Bridge No. 7. Each pile was driven to achieve a minimum 15.4 tonnes of allowable pile reaction with a safety factor of 2.5. Since the pile is manufactured in 13.5 meters length, pile splices were utilized for driving piles at both bridges. Pile testing was performed for both bridges. For Bridge No. 3, Piers 1, 3 and 5 were selected for PDA analysis and one production pile from each pier was chosen for the testing. For Bridge No. 7, PDA testing was performed at Piers 1, 3, 5, 7 and 9. The pile capacity was estimated based on end bearing and skin friction. Two or three days after the first round of pile driving, the test piles were re-struck to determine increased pile capacity. According to the geotechnical engineer who performed the testing, 80 percent of pile capacity was obtained from end bearing and 20 percent from skin friction.
Bearing pad
In an effort to evenly distribute the live load from the beams to the pier cap, one inch thick elastomeric bearing pads were provided at each pier. Pads of 180mm x 430mm and of 230mm x 430mm pads were utilized. Durometer of 50 was selected for the pads and the maximum pad deflection was estimated to be 1mm.
Live load testing
Upon completion of Bridge No. 3, live load testing was performed in April, 2010 using three different live loads: a flat bed, 73 tonne switcher and 109 tonne GP16 locomotive. Figure 7 shows Bridge No. 3 being tested with 109 tonne GP16 locomotive and shows the other live loads used.
Bridge No. 7 was tested in May, 2010 using 73 tonne switcher and 109 tonne locomotive. The live loads passed over both bridges several times back and forth at various speeds ranging from 8 to 40 km/h. Both bridges were constructed on tangent but the testing speed was limited to 40 km/h due to curved tracks nearby.
Fig. 6: Pile Driving and Pile Cut to Designated Elevations
During the live load testing, the beam deflections under live load and signs of visual distress in various structural components were under observation. There was no sign of visual distress observed during the live load testing and beam deflections were measured.
Deflection due to live loads
A number of digital calipers were utilized to measure maximum deflections at various locations as different live loads passed through the bridges. For Bridge No. 3, eight spots were carefully selected to measure maximum deflections at mid-spans and piers (Figure 8 ).
The sources of deflection are deformation of elastomeric bearing pad, pile axial deformation and beam deflection. The beam deflections were estimated by using LARSA, an advanced structural analysis program that is capable of performing the moving load analysis for various live loads. The maximum measured deflection at Bridge No. 3 was 5mm, which is very close to the maximum computed deflection of 6mm ( Figure 9 ). For Bridge No. 7, twelve spots at mid-spans and piers were measured for various loads and speeds. The maximum measured deflection at Bridge No. 7 is 7mm while the maximum computed deflection is 8mm.
A deflection limit of L/600 was adopted for this project where L is span length. Even though the girders may not experience overstress, excessive deflection due to live load can cause cut spikes to loosen, thus resulting in an unsafe service condition. The measured deflections at both bridges are within the allowable design deflection limit. 
Conclusions
Each year 90 million tonnes of plastics are consumed worldwide and thus a vast supply of recycled material will continue to be available for structural applications into the indefinite future. This virtually maintenance-free solution can provide owners with longer service lives as well as significantly decreased lifecycle costs. Thermoplastic products have come a long way in 20 years with the advancement in materials and applications. They have been utilized for over 200,000 railroad ties and switch sets. Their application has been expanded to bridges carrying military tanks, railroads and vehicular traffic. Design assumptions for the bridges at Fort Bragg and Fort Eustis have been validated by instrumentation and monitoring. Many more applications are being continuously explored.
Thermoplastic products offer many environmental benefits due to the opportunity to reuse what would otherwise be eternal, non-decaying plastics in landfills. They do not corrode or rot, and are not susceptible to attack by insect or marine organisms -all while providing a stable, light platform suitable for accelerated construction with minimal maintenance. Its use will undoubtedly increase as more research and development efforts are continuously made to enhance the material properties and manufacturing technologies.
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